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El 37 CFR 1.10 in an envelope addressed to: The Assistant Commissioner for Patents, Washington, D.C. 20231 
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(Date) 
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Applicant(s): Ricardo S. Sussmann et al. Examiner: 

Serial No: Unassigned Art Unit: 

Filed: Herewith Docket: 14148 

For: DETECTOR FOR IONISING RADIATION Dated: December 8, 2000 

Assistant Commissioner for Patents 
United States Patent and Trademark Office 
Washington, D.C. 20231 

PRELIMINARY AMENDMENT 

Sir: 

In connection with the filing of the above-identified application, kindly enter 
the following preliminary amendments. 

AMENDMENTS 

IN THE CLAIMS: 

Please amend claims 4. 8-11. 13 and 14 as follows : 

Claim 4, line 1, amend "any one of claims 1 to 3" to read -claim 1~; 

Claim 8, line 1, amend "any one of claims 1 to 7" to read -claim 1~; 

CERTIFICATE OF MAILING UNDER 37 C.F.R. S1.8fa) 

I hereby certify that this correspondence is being deposited with the United States 
Postal Service as first class mail in an envelope addressed to: Assistant Commissioner for 
Patents, Washington, D.C. 20231, on Decembej- 8, 2000. 




Claim 8, line 1, amend "any one of claims 1 to 7" to read -claim 1~; 
Claim 9, line 1, amend "any one of claims 1 to 8" to read -claim 1~; 
Claim 10, line 1, amend "any one of claims 1 to 9" to read -claim 1-; 
Claim 1 1, line 1, amend "any one of claims 1 to 10" to read -claim 1-; 
Claim 13, line 1, delete "or claim 12"; and 

Claim 14, lines 1-2, amend "any one of claims 1 to 13" to read -claim 1~. 



As originally prepared, claims 8-1 1, 13 and 14 did not comply with the multiple 
dependent claim style specified by U.S. law. The above amendments have been made to 
delete all multiple dependencies. It is respectfully submitted that no new subject matter has 
been added by way of these amendment. 

It is respectfully requested that the above amendments be entered before an action on 
the merits is issued. 



Scully, Scott, Murphy & Presser 
400 Garden City Plaza 
Garden City, New York 11530 
516-742-4343 
EWG:ml 



REMARKS 




2 



f:\work\149\14148\amend\14148.prl 



07 DEC '00 07:10 FROM SPOOR AND FISHER TO 00915167424366 P. 07/30 

l /PUTS 09/719242 

WO 99/64892 i/l lL - x ^ PCT/IB99/01002 

mnm-mjim os dec 2000 

- 1 - 



DET ECTOR FO R IONISING RADIATION 



BACKO RO XJKT) OF TFff IN WTION 

This invention relates to a detector for ionising radiation. 

Radiation detectors comprising diamond have been proposed which are 
optimised for the detection of different types of radiation. For example, 
radiation comprising heavy particles such as alpha particles is usually absorbed 
close to the surface of a detector element, so that a radiation detector optimised 
for the detection of such radiation can be relatively thin. On the other hand, 
radiation such as beta particles, x-rays or gamma-rays tends to penetrate the 
material of a detector element to a greater depth and to be absorbed 
substantially uniformly throughout the bulk of the detector element. 

It is an object of the invention to provide a single detector which is able to 
detect such different types of radiation optimally, or which can provide different 
types of information about a single type of radiation. 
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SUMMARY OF THE INVENTION 

According to the invention there is provided a detector for ionising radiation 
comprising at least first and second diamond detector elements connected 
electrically to a common contact, with respective first and second contacts 
connected to the first and second detector elements, so that the detector 
simultaneously provides first and second output signals corresponding to 
radiation incident on the detector elements. 

Preferably the first and second detector elements are optimised for the detection 
of different types of radiation, or for the detection of different parameters of a 
particular type of radiation. 

The first and second detector elements may be formed as respective first and 
second layers of diamond material in contact with a common metallic or semi- 
conductor layer. 

In a preferred embodiment of the invention, the first layer comprises a relatively 
thick layer of diamond material and the second layer comprises a relatively thin 
layer of diamond material. 

The common metallic or semi-conductor layer may comprise a material selected 
from the group consisting of titanium, tungsten, molybdenum and boron doped 
diamond. 
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The first layer may have a thickness of between 0.3 mm and 1.5 mm and a 
collection distance of at least 20 ^m, preferably at least 50 jim, and even more 
preferably a distance of 300 jim or more. The first layer may be optimised for 
the detection of beta particles, x-rays and gamma rays. 

The second layer may have a thickness of between 10 jam and 40 \im and may 
be optimised for the detection of alpha particles. 

The detector may further include respective conductive layers on the outer 
surfaces of the first and second layers of diamond material, which preferably 
comprise a material selected from the group consisting of titanium, tungsten, 
molybdenum and boron doped diamond. 

Respective active contacts may be connected to the conductive layers. 

The invention also extends to a radiation detector apparatus comprising a 
detector as defined above, and further comprising bias means arranged to apply 
respective bias voltages to the first and second diamond detector elements, and 
first and second amplifiers having inputs connected to the first and second 
diamond detector elements and arranged to generate respective first and second 
amplified output signals corresponding to radiation incident on the detector 
elements 
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BRIEF DESC RIPT ION OF THE DRAWING 

The drawing is a highly schematic sectional view of a radiation detector 
according to the invention, with associated electronic circuitry. 



O DESCRIPTION OF AN EMBODIMENT 

J3 

The illustrated radiation detector comprises a first, relatively thick diamond 
j5 layer 10 and a second, relatively thin diamond layer 12 on either side of a layer 

s " 14 of metal or semi- conductive material which serves as a common contact or 

electrode. The layers 10 and 12 are optimised for the detection of different 
kinds of ionising radiation, so that a single, unitary radiation detector element is 
P provided which can effectively detect different types of radiation. 

Alternatively, for example, the detector of the invention could be used for the 
simultaneous or sequential measurement of partial energy loss of a particle 
(measured in the thin layer 12) and total particle energy (measured in the thick 
layer 10). 

A prototype radiation detector of the invention was manufactured by 
commencing with the layer 10, which was a layer of high quality diamond 
produced by chemical vapour deposition (CVD) with a thickness between 0.3 
mm and 1 .5 mm and a collection distance of 20 jam, but typically at least 50 f^m 
and, depending on the application, possibly up to 300 jam or more. 
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Collection distance and its determination are known in the art. Radiation such 
as UV, x-rays and gamma rays impinging on diamond can form electron/hole 
pairs which drift under an applied voltage between electrodes. Typically, for 
penetrating radiation such as beta and gamma rays, the electrodes are placed on 
opposite surfaces of a diamond layer whose thickness is typically 200 - 700 fim, 
but can range from less than 100 urn to greater than 1000 jam, and the charge 
carriers (electrons/holes) drift through the thickness of the layer. For highly 
absorbed radiation which penetrates only a few ym into the diamond, such as 
alpha radiation or U V radiation with energies near or above that of the band 
gap, then inter-digitated electrode arrangements on the same face of the 
diamond layer may be used; this face may be planar or with the electrodes 
placed in relationship to surface structures such as grooves. 

However, the electrons and holes have finite mobilities and lifetimes so they 
move only a certain distance before recombining. When an event occurs (e.g. 
impingement of beta particles) which forms charge carriers, then to first order 
the total signal from the detector depends on the average distance moved by the 
charge carriers. This charge displacement is a product of the carrier mobility 
and the applied electric field (which gives the charge drift velocity) and the 
recombination lifetime of the carriers before trapping or recombination stops its 
drift. This is the collection distance which can also be considered as the volume 
of charge swept to the electrode. The purer the diamond (or the lower the level 
of uncompensated traps) or the lower the level of crystalline imperfections, the 
higher the mobility of the carriers and/or their lifetimes. 
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The next step is the application of the conductive layer 14 to the layer 10. The 
conductive layer can comprise a mexal which adheres to CVD diamond, such as 
titanium (Ti), tungsten (W), molybdenum (Mo) or other suitable metals. 
Alternatively, the layer 14 can comprise a substantially conductive semi- 
conductor layer such as boron doped diamond. 

The layer 12 is grown by a CVD process on top of the layer 14 to a thickness 
optimised for the detection of a different form of radiation compared with that 
for which the layer 10 is optimised. (In the prototype, the layer 10 was 
optimised for the detection of beta particles, x-rays and gamma-rays, while the 
layer 12 was optimised for the detection of alpha particles). In the prototype, 
the layer 12 had a thickness between 1 0 ^m and 40 jam. 

An alternative method of forming the radiation detector is to grow the layers 10 
and 12 separately, and then to adhere the conductive layer 14 to one of these 
layers. The free surface of the conductive layer 14 can then be bonded to the 
other of the layers 10 or 12. 

At one edge of the detector element, a small portion of the layer 12 was 
removed by a known technique such as oxygen plasma etching, ion beam 
milling/etching or laser ablation to expose a section 16 of the common 
contact/electrode 14. (Alternatively, at the time the layer 12 is grown, a section 
of the layer 14 may be masked. This would prevent the layer 12 from growing 
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on the masked section, rather than having to remove a portion of it after 
growth.) The section 16 serves as a common ground contact for the respective 
layers of the detector elements. In addition, conductive layers 18 and 20 were 
applied to the outer surfaces of the layers 10 and 12, respectively, to permit the 
connection of respective active contacts 22 and 24, The conductive layers 1 8 
and 20 can comprise the same metal as that used for the layer 14, ie. Ti 7 W, Mo 
or other suitable metals. 

The respective contacts are used to bias the respective active layers of the 
device and to connect the detector elements to suitable electronics. 

As shown in the Figure, the contact 22 is connected to an input of a charge 
sensitive or operational preamplifier A } via a coupling capacitor C x while the 
contact 24 is connected to the input of a similar amplifier A 2 via a coupling 
capacitor C r Respective bias voltages V, and V 2 are applied to the contacts 22 
and 24 via resistors R r and R 2 . Typically, the bias voltages are 0.1 to 3V/p.m. 
The sign of the applied bias voltage (positive or negative) may vary from what 
is indicated in the Figure, depending on the application and the materia] 
selected for the common contact/electrode. 

In a variation of the invention, the metal conductive layer 14 can be replaced by 
a CVD diamond boron doped layer. This has the advantage that the layer 14, 
and subsequently the layer 12, can both be grown epitaxially on the layer 10, 
resulting in the layer 12 being of a higher quality. This is because the quality 
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(for charge collection efficiency) is known to increase with the thickness of the 
layer. In the case of the above described example, the layer 12 will typically be 
polycrystalline in nature and will have a large component of the nucleation 
grain structure, which is known to be of relatively poor quality, whereas in the 
second example, the layer 12 will start to grow replicating the grain structure of 
the layer 14, which in turn should replicate that of the layer 10. 

There will be a small amount of interaction between the two layers, for 
example, the generation of a small signal in the layer 12 due to the absorption 
of beta panicles, but this will be in the ratio of the respective thicknesses of the 
layers 1 0 and 12, which can be made to be over a factor of 10. 

In other applications, it is required to make two simultaneous measurements of 
the same particle(s) using a transmission detector which measures the partial 
energy loss in a thin transmission detector (AE), and total particle energy in an 
absorbing detector (E). From accurate measurement of both E and AE it is 
possible to calculate the mass of the particle and thus differentiate between light 
charged particles which have a similar mass, eg. protons, deuterons, and 3 He 
ions. In this type of application, the requirement on the transmission detector is 
that it should be sufficiently thin to allow transmission of the particles of 
interest, which in certain applications can limit the thickness in a diamond 
detector to 40 urn or less, making The detector potentially fragile. The dual 
detector arrangement provides both the measurement of both AE and E in one 
device, and mechanical support for the otherwise fragile AE detector. The latter 
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makes it more robust and suitable for larger areas, and also give the possibility 
of reducing further its thickness so that the lower energy cutoff is reduced and 
the energy straggling is improved. In this type of application it is important to 
select an interlayer of the correct thickness and properties in order to minimise 
the error introduced to the measure of Ej but it does avoid the need for two 
separate contact layers on separate AE and E detectors, so that overall the 
system design is simplified. 

The concept of the invention could easily be extended to a device having more 
that two detector layers. For example, such a device might be used for the 
detection of more than two different types of radiation of different penetration 
or energy loss characteristics. 
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CLAIMS: 

1. A detector for ionising radiation comprising a first relatively thick layer of 
diamond material and a second relatively thin layer of diamond material adjacent 
to the first layer, the layers being connected electrically to a common contact, 
the first and second layers being optimised for the detection of different types of 
radiation or for the detection of different parameters of a particular type of 
radiation T with respective first and second contacts connected to the first and 
second layers, so that the detector simultaneously provides first and second 
output signals corresponding to radiation incident on the detector elements. 

2. A detector according to claim 1 wherein the common contact comprises a 
metallic or seme-conductor layer between the first and second diamond layers, 

3. A detector according to claim 2 wherein the common metallic or semi- 
conductor layer comprises a material selected from the group consisting of 
titanium, tungsten, molybdenum and boron doped diamond. 

4. A detector according to any one of claims 1 to 3 wherein the first layer has a 
thickness of between 0.3 mm and 1.5 mm. 

5. A detector according to claim 4 wherein the first layer has a collection distance 
of at least 20 jim. 

S. A detector according to claim 5 wherein the first layer has a collection distance 
of at least 50 jim. 

7. A detector according to claim 6 wherein the first layer has a collection distance 
of 300 pm or more. 
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8. A detector according to any on© of claims 1 to 7 wherein the first layer is 
optimised for the detection of beta particles, x-rays and gamma rays. 

9. A detector according to any one of dairns 1 to 8 wherein the second layer has 
a thickness of between 10 and 40 p.m. 

10. A detector according to any one of claims 1 to 9 wherein the second layer is 
optimised forthe detection of alpha partides. 

11. A detector according to any one of claims 1 to 10 further intruding respective 
conductive layers on the outer surfaces of the first and second layers of 
diamond material. 

12. A detector according to claim 11 wherein the conductive layers comprise a 
material selected from the group consisting of titanium, tungsten, molybdenum 
and boron doped diamond. 

13. A detector according to claim 11 or daim 12 including respective acOve 
contacts connected to the conductive layers. 

14. Radiation detector apparatus comprising a detector according to any one of 
daims 1 to 13, bias means arranged to apply respective bias voltages to the 
first and second diamond layers, and first and second amplifiers having inputs 
connected fa the first and second diamond layers and arranged to generate 
respective first and second amplified output signals corresponding to radiation 
incident on the layers- 
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As a bciow named Inventor, I nereby declare that; 

My residence, post office address and citizenship are as stated below next to my name, 
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Patent ond TndcmnrK Omct-U.3, DEPARTMENT OF" COMMERCE 




POWER OF ATTORNEY: As a named inventor. I hereby appoint the following attorney^) anchor 
atjem(s) to prosecute mis application and transact af] business in the Pater* and TrademarK Orfica 
connected therewith, (list mtm and rtglstmtfon number) 

Stqjbto D. Murphy; Jfcg, N<i 22,003 Join s, Scjwny; )<*s No. 2^7 

Leopold Prefer? Refj. No. Murk J. Cobea; ;Rc B .N«l 

WUUam C. Koch: No* 24372 ftichwd l„ Cutuua; Rig. NTo- 33^*08 

Kenneth JL. Kln& No, 24^23 Itfwanl W. Grt>fc£ Bjcg. Ifu. 

Franl: <5. JIIGIrUo; Reg, No. 31,346 . 

Paul J. Ewtto, Jr.; **e. No. SgT^g; 



Send Correspondence to: 3Uqpord Pm^ r, 



Direct Telephone Calls to: (mm andtnitrphone number) 

lipoid Preiser at 742-4343 



Ftilutoma orcoJOOf nrttJrtwomof " ■ ■ , 

. SUSSMANN, RICARDD 


><jjo arwex mvenwrc Hanawre < 










•^^V3- — ' n ~ i ? Tow * 24 >« 


Reel dan co. 

5 ARKKFlHD COET, 




2D ROM), .AKKKFXELD CROSS,- RBM2K}. JEERKSffffiE R32 90S, WZM)^- 


BRITISH 






ryci mm Aoareac 

AS ABOVE 





■6K 



Full n»rn»j or s«eorw Inventor, iumy 
S^and inventors. 



*ntora*|jj nature ^ ^. 



ffcfeldera > : ; — - - w , , /lurt F^Z^IliDOf 

t?^™ 1SK MfeD> SUNNINGHILL , ASCOT , mttSHggB5 L5 9TD, UNITED IgNGDQK^ 



BftlTISH 
AS ABOVE 



6x 



pjteni mtd tnMtmttnc wn«»~uLe. dctaktmcnt of commerce 



Full narrm or tnlna mventor. ir 

STEWART, A NDREW DAVID GARRY 



RoeKUinec 

_THE_ 

C/ti/MnaHup 

BRITISH 



_ /p^t 

HE OLD RECTORY, t 



ASKAMP5TEAD, READING, BERKSHIRE 



U f^~. 

IRE RQ8 SSK, U! 



""Saw 



AS ABOVE 



fu(\ nama of (outn inventor, if any 



Fourth \nv«fltort( ttrgnnturr 



Poar ornee Addnws 



Rill name of sMh imKint«r t .*f *ny 



Pott omc* Aoarorj; 



IN ITED KINGDOM H ^lS ^ 



p\itt name of fifth inventor, (f arty 






Finh invonWe* oignature 






Roddcncc 






CrtttcnoWo 













Gate 



Farm P70>SfWM |9~06) (Modi /lea) 



Peter* »rt(t 1 fftdewtnrK Cmco-U^, DEPARTMENT OF COMUEKCE 



